A DNA-dependent ATPase has previously been purified from bacteriophage T4-infected Escherichia coli. A mutant phage strain lacking this enzyme has been isolated and characterized. Although the mutant strain produced no detectable DNA-dependent ATPase, growth properties were not affected. Burst sizes were similar for the mutant phage and T4D in polAl, recB, recC, uvrA, uvrB, uvrC, and various DNA-negative E. coli. UV sensitivity and genetic recombination were normal in a variety of E. coli hosts. Mapping data indicate that the genetic locus controlling the mutant occurs near gene 56. The nonessential nature of this gene is discussed.
A DNA-dependent ATPase has previously been purified from bacteriophage T4-infected Escherichia coli. A mutant phage strain lacking this enzyme has been isolated and characterized. Although the mutant strain produced no detectable DNA-dependent ATPase, growth properties were not affected. Burst sizes were similar for the mutant phage and T4D in polAl, recB, recC, uvrA, uvrB, uvrC, and various DNA-negative E. coli. UV sensitivity and genetic recombination were normal in a variety of E. coli hosts. Mapping data indicate that the genetic locus controlling the mutant occurs near gene 56. The nonessential nature of this gene is discussed.
In a search for new enzymes involved in DNA metabolism, a DNA-dependent ATPase was discovered in extracts of bacteriophage T4-infected Escherichia coli cells (4) . This enzyme is similar to two other DNA-dependent ATPases found in E. coli (7) . The purified bacteriophage enzyme is not detectable in uninfected E. coli. In the presence of DNA, large amounts of ATP are hydrolyzed to ADP and inorganic phosphate without concomitant scission or elongation of the DNA. Other properties of the bacteriophage-induced enzyme demonstrate the unusual nature of the reaction. The ATPase activity is completely dependent on the presence of DNA and is stimulated by calf thymus DNA, E. coli DNA, and heat-denatured T4 and T7 DNAs.' However, native T4 and T7 DNAs do not activate the enzyme.
Since the properties of the bacteriophageinduced ATPase provide few clues as to the function of the enzyme in DNA metabolism, mutants lacking this enzyme were sought. Appropriate known T4 mutants screened for the presence of the DNA-dependent ATPase showed normal levels of enzyme activity (4). We report here the isolation and characterization of a bacteriophage T4 mutant which fails to induce detectable amounts of the enzyme.
MATERIALS AND METHODS
Bacterial strains. E. coli strains used included B, BK(X), B3, ER22(endoI), and CR63(su+). The dna mutants listed in Table 1 were obtained from J. A. Wechsler. The genotypes and properties of the dna mutants are described by Wechsler and Gross (18) . The uvrA, -B, and -C strains AB1886, 1885, and 1883 and the rec strains AB2470 and AB3058, as well as the lex strain AB2494, were from the Coli Genetic Stock Center (Yale University School of Medicine); W3110 and P3478 (polAl) were obtained from J. Cairns (5 (8) , centrifuged, and resuspended in an equal volume of fresh medium at 42 C. These cells were infected at a multiplicity of 5 with the phage to be tested and incubated with aeration for 12 min.
After the addition of 50 ,g of chloramphenicol per ml, the cells were cooled rapidly in ice, collected by centrifugation, and stored at -20 C.
DNA-dependent ATPase assay. To screen for bacteriophage lacking enzyme, a short assay scheme was devised. Extracts of infected cells were prepared by a modification of the polyethylene glycol-dextran procedure described by Alberts (2). Bacteriophageinfected E. coli cells (0.4 g) were suspended in 3 ml of 5 M NaCl-0.2 M Tris (pH 8.0) 0.01 M MgCl,-2 mM glutathione and placed in a 10-ml beaker, 2.2 cm in diameter. The cell suspension was cooled in an ice bath and sonicated for two 15 -s periods at 60 W using a W140 Branson sonifier equipped with the standard horn, 1.27 cm in diameter at the tip. After the addition of an equal volume of 120 mg of polyethylene glycol (Carbowax 6000) per ml-80 mg of dextran 500 per ml in suspending buffer, the preparations were agitated for 2 h at 4 C. After centrifugation, the upper phase was collected and dialyzed overnight against two changes of 0.01 M Tris (pH 7.6)-0.01 M mercaptoethanol. The dialyzed cell extracts were applied to DEAE-cellulose columns (1 by 2 cm) equilibrated with 0.01 M Tris (pH 7.6)-0.01 M mercaptoethanol.
After washing the column with 4 ml of 0.045 M NaCl-0.01 M Tris (pH 7.6)-0.01 M mercaptoethanol, the enzyme was eluted with 8 ml of the same buffer.
From this fraction, 0.05 ml was assayed for ATPase activity using standard assay conditions (4) and heat-denatured calf thymus DNA.
Hydroxylamine mutagenesis. Bacteriophage were mutagenized according to the procedure of Hall and Tessman (9) . A sample of the phage treated with hydroxylamine was used to prepare a high-titer phage stock. Phages were grown with E. coli CR63 in Fraser and Jerrel medium (8) and purified by differential centrifugation. This phage stock was then mutagenized with hydroxylamine, and the procedure was repeated for a total of five successive hydroxylamine treatments.
RESULTS
Isolation of bacteriophage T4 strains deficient in DNA-dependent ATPase. After mutagenesis with hydroxylamine, as described in Materials and Methods, bacteriophage survivors were isolated and tested for induction of DNA-dependent ATPase. Those phage stocks lacking ATPase were crossed with wild type T4D. In this way four dda strains deficient in enzyme were obtained; one of these, designated L148, was subjected to detailed characterization. Backcrossing with T4D five times ensures that most other mutations have been eliminated, but a mutator activity discussed below remained. E. coli ER22 infected with bacteriophage L148 showed no DNA-dependent ATPase activity in the short assay described in Materials and Methods. Furthermore, these infected cells contained no demonstrable enzyme activity when tested more rigorously on the larger scale previously used (4) . Figure 1 shows the amount of ADP formed from ATP on DEAEcellulose fractionation of extracts from cells infected with E605 (dda+ ligase-) and L148 (ddaI).
Growth properties of the DNA-dependent ATPase mutant. Bacteriophage L148 is viable on E. coli B at 42 C as well as at 37 C. Since the purified ATPase activity is specifically dependent on the presence of DNA, the enzyme presumably has a role in DNA metabolism. Thus, the growth properties of bacteriophage L148 were tested with DNA-negative strains of E. coli. Under nonpermissive growth conditions for the bacterial strains, all the dna mutants listed in Table 1 supported growth of bacteriophage L148 and T4D to a similar extent. In addition to having similar burst sizes, L148 and T4D showed almost identical patterns in one-step growth curves on the dna E. coli. Thus, the latent period for L148 is normal in dna mutants (data not shown).
Sensitivity to UV irradiation. To investigate the possible role of the DNA-dependent ATPase in DNA repair reactions, bacteriophage L148 was tested for UV sensitivity. After UV irradiation the survival of strain L148 on various E. coli hosts was similar to that of T4D. The E. coli strains used included uvrA, -B, -C, -D, -E, and -F, recA, -B, and -C, lex, and polAl. Thus none of these functions appears to be mediated by the bacteriophage DNA-dependent ATPase. were grown at 37 C. The cells were collected and resuspended in fresh medium at the indicated temperature and aerated for 60 min before infection with bacteriophage at a multiplicity of 0.1 to 0.3. Preincubation was omitted in the case of W3110 and P3478. Burst sizes were calculated from at least three independent measurements of infective centers and yields which were determined by standard methods (1). The efficiency of infection was normal in all cases since the number of infective centers agreed well with the number expected from phage input.
In addition, characteristics of multiplicity reactivation after UV treatment were similar for T4D and L148 in polymerase I-deficient (polAl) E. coli (data not shown). Capacity for genetic recombination. Lack of the DNA-dependent ATPase may affect the capacity for genetic recombination. To test this possibility, rII markers were crossed into the mutant L148 strain. The recombination frequencies were determined and compared with the corresponding control cross (rIIl x rII2) for bacteriophage strains having ATPase activity. No difference in recombination frequency was noted in these crosses. Moreover, tests of recombination capacity in E. coli strains deficient in recombination (recA, -B, -C) or deficient in polymerase I (polAl) revealed a normal level of recombinants (Table 2 ). Both rIIdda strains contained the mutator activity discussed below.
Position of DNA-dependent ATPase on T4 linkage map. The position of the dda mutation on the T4 linkage map was determined by the use of T4 deletion mutants. Cells infected with ten different deletion mutants of bacteriophage T4 were monitored for ATPase production using the short assay described in Materials and Methods. The ATPase activity was absent in all deletion strains except (39-56)1. This places the gene that determines or modifies DNA-dependent ATPase in a region near gene 56, which is approximately 11,000 base pairs from the reference loop r1589 (see Fig. 2 ). The dda locus in the deletion mutants appears identical to that in strain L148, since no complementation was observed between L148 and deletion strains (39-56)8 and (39-56) 10 . No DNA-dependent ATPase activity was detectable in E. coli coinfected with these deletion mutants and L148 (data not shown).
Mutator activity found as an independent mutation in strain L148. Bacteriophage T4 mutant L148 has an enhanced spontaneous mutation rate (Table 3 ). Up to a fivefold greater frequency of typical r-type plaques was observed in fresh stocks of L148 than in T4D stocks. This mutator activity was corroborated by studying the spontaneous reversion of an rII marker crossed into strain L148. The average spontaneous reversion frequency in strain rII dda was up to 100-fold greater than in the rII strain (Table 4) . However, this mutator activity did not correlate with the lack of enzyme activity in strain L148. This disparity became apparent from the nature of the progeny of the following cross: rII dda-56+ x r+ dda+ 56-.
Progeny of the type rII 56-were selected by their inability to grow on E. coli C600 (X) due to the rII marker and their restricted growth on E. coli B due to the amber gene 56 marker (strain E51, dCTPase-). Approximately one-half of these progeny were mutator strains on the basis of the high reversion frequency of the rnI marker. Presumably these mutator strains should lack DNA-dependent ATPase activity if the enzyme deficiency is the cause of the mutator activity; however, in several of these isolated strains, enzyme activity was present when measured by the short assay described in Materials and Methods. Furthermore, several isolated progeny having a low reversion frequency, thus lacking mutator activity, were found to lack DNA-dependent ATPase activity.
Progeny of the type rII 56+ were isolated, and 44 out of 48 were classed as mutator strains based on their high reversion index. DNAdependent ATPase activity was present in six out of ten mutator strains tested by the short assay. Also, two of the four strains with a low reversion index were found to lack enzyme activity. These results show that the mutator activity associated with strain L148 is controlled by a gene which is distinct from that controlling DNA-dependent ATPase activity (dda).
DISCUSSION
The biological role of the DNA-dependent ATPase discovered in bacteriophage T4-infected E. coli remains elusive. The characteristics of a bacteriophage T4 mutant dda, which fails to induce detectable amounts of the enzyme, shed little light on the function of this ATPase. Under the conditions reported in this paper, the mutant T4 strain does not shiow any abnormalities in viability, UV sensitivity, genetic recombination, or mutator activity. Thus, the DNA-dependent ATPase appears to have a nonessential nature.
The mapping data indicate that the locus for the DNA-dependent ATPase falls in a region of the genome near gene 56, where few markers are known (15) . Since the deletion mutants used are all viable, although they lack sizable portions of the genome in the adjacent region, the functions controlled by these genes may be nonessential. However, this area of the genome may denote necessary functions under certain restrictive conditions. Indeed, a mutant E. coli strain AR-8 has been isolated which will not support growth of bacteriophage T4 having certain deletions in a segment of the (39-56) region differing from the dda segment (A. Rodriguez and J. Weil, personal communication). Therefore, the possibility that the role of this part of the genome is obscured by host functions cannot be excluded. Appropriate E. coli strains may not be available or have been tested to clarify the nature of the T4 mutant studied here. For example, several new recombination-deficient strains of E. coli isolated by Horii and Clark (10) demonstrate the existence of alternate pathways for recombination; such host pathways may nullify the deficiencies of the bacteriophage even in E. coli strains such as recA, which have low recombination capacities. In addition, some of the bacterial mutants tested were leaky. For example, polAl has normal exonuclease activity and a 0.5 to 2% wild-type level of DNA polymerase activity (12) .
The mutator activity associated with the DNA-dependent ATPase mutant may be inci- a Spontaneous mutation rate of T4 strains to r type was determined by plating fresh phage stocks on CR63 at 500 PFU/plate. The plates were scored for typical r-type plaques, and the index of mutation was determined from the ratio of r-to r+ plaques. 15, 1975 dentally interesting although it was found not to be correlated with the lack of enzyme under study here. Similar effects on mutation rates have been observed with mutations in genes of bacteriophage T4 which have functions implicated in DNA replication and repair (6) .
A redundancy of phage genes for DNAdependent ATPase may also account for the nonlethal nature of dda mutants. However, duplication of the ATPase gene should result in observable levels of the enzyme. No enzyme activity is detected in strain L148, suggesting that the dda gene is not identically duplicated. Nevertheless, an alternate enzyme may fill the function of the DNA-dependent ATPase which has not been detected in this work. In this regard, the other ATPase activity seen eluting later from the DEAE-cellulose column in Fig. 1 is probably due to.a bacterial enzyme (4) . The possibility that the ATPase in question is modified by dda so that it is no longer detectable by our assay procedures, but is still functional, also remains.
Further attempts to elucidate the biological role of the DNA-dependent ATPase may depend on the isolation of a mutant E. coli strain which will not support the growth of dda bacteriophage. More extensive study of the characteristics of the purified enzyme may also aid in this search. These studies have much relevance, since dependence on ATP hydrolysis has been observed during in vitro DNA synthesis (11, 13, 14, 16) .
